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INTRODUCTION
Net primary production of forest ecosystems meets two principal fates: it is stored in the massive standing crop of producers, or it falls to the ground as litter and becomes incorporated into the forest floor. In contrast with some aquatic and 'Present address: Department of Biological Sciences, Dartmouth College, Hanover, N. H. 03755. grassland systems, direct grazing of living producer tissue represents a minor pathway of energy flow under normal circumstances (Bray 1964 ).
Since energy flow via the detritus pathway predominates in forests, the forest floor is the major arena of heterotroph activity and may be considered a heterotrophic subsystem of the forest as a whole. Tracing energy flow through the myriad populations inhabiting the forest floor is an exceedingly difficult task (Birch and Clark 1953) , and a thorough assessment of energy release and transfer by these populations may not be achieved for many years. This difficulty is offset, in part, by the fact that heterotroph metabolism is centralized in the forest floor and the sum of energy release by all populations may be measured by monitoring some by-product of respiration from the forest floor itself.
One approach for measuring this summed energy release is to measure rates of carbon dioxide evolution from forest floors. This approach possesses several difficulties. Any carbon compounds released other than CO2, such as acids or alcohols to ground water or methane or carbon monoxide to the atmosphere, represent a loss of energy by exportation as well as leakage of an indicator of partial oxidation. These errors cause an underestimation of rates of energy release. On the other hand, CO2 release from tree root respiration may cause an overestimation of rates of activity in the forest floor alone.
Carbon dioxide evolution is itself difficult to measure accurately. It varies through the year and within more short-term periods (Douglas and Tedrow 1959, Witkamp 1966) . Conditions imposed by measurement apparatus may create serious deviations from normal conditions for heterotroph activity. In spite of these difficulties, CO2 evolution probably remains the most convenient means for estimating heterotroph metabolism and is receiving continued attention. If absolute values are unreliable, at least such data can be useful in comparing rates of biological activity under different conditions in contrasting ecosystems. Such comparative values are useful diagnostic parameters of ecosystem types, aiding in describing patterns of energy flow or factors controlling rates of decay and nutrient release. Hopefully, techniques may finally be improved to the point that data derived by some CO. monitoring system will provide reliable absolute values of energy flow. This paper describes a comparative study of CO2 evolution in three forest ecosystems of diverse structure. The study was designed to meet four objectives: (1) determine if there are significant differences in annual, cumulative CO2 evolution from diverse forest floors; (2) measure significant temporal variations in CO. evolution rates attributable to forest characteristics such as time of litter input, dates of freezing and thawing, and moisture effects due to differences in drainage; (3) determine which measurable environmental factors might be most useful in predicting rates of C02 evolution; and (4) test whether the system devised in this study might provide reliable absolute data on rates of energy flow through heterotrophs in the forest floor.
THE STUDY AREA
The forests studied are located at Cedar Creek Natural History Area, Anoka Co., Minn., about 48 km north of Minneapolis. They are contiguously distributed along a topographic gradient established by a sandy peninsula nearly surrounded by a peat-filled basin (Fig. 1) The basin forest is dominated by white cedar and paper birch but has a good representation of marginal fen species. The herb layers are scanty although mosses are locally abundant.
The floor of the oak forest is somewhat heterogeneous in development. Although all areas have a 3-to 4-cm L layer and 0.6-cm F layer, some sections feature a well-defined H layer and characteristics of a weak mor, while nearby, other sections feature deep A1 horizons with no H layer-characteristics of a mull. In the fen a nearly homogeneous black humus, 15-30 cm deep, underlies a light litter and thick sward of sedges. The humus is abruptly separated from a darkbrown, mottled sand which blends into a wellgleied, gray sand of unknown depth. The forest floor in the cedar swamp features thin L and F layers overlying peat in various degrees of humification extending down to 1.3 m.
METHODS
Six plots used for measuring CO2 evolution were located in randomized block fashion in each of the three communities. Each plot consisted of a painted, steel sleeve 20 cm wide, 50 cm long, and 20 cm deep which was inserted into the forest floor until the top edges were slightly above the top of the litter. The sleeves were emplaced on 2 August 1965.
Carbon dioxide evolution from the isolated sections of forest floor in these sleeves was measured by tightly covering the sleeve with an opaque cover and making it a part of an open flow system (Fig. 2) . Ambient air collected from a 6-m tower on the crest of the peninsula was pumped through polyvinyl chloride tubing to the plot and into a port on one end of the sleeve cover. The air was distributed across the 20-cm width of the plot by a manifold and flowed along the length of the plot to be exhausted at the opposite end. A sample of air collected at the exhaust end was picked up by a manifold and pumped back up to the peninsula crest. A positive air pressure was always maintained over the forest floor section to prevent suction of CO2 from the pore spaces of the forest floor and soil. The system was designed to simulate laminar air flow at realistic velocities across the litter surface.
Air being pumped into and withdrawn from the plot was sampled for CO2 content with a Beckman, model 15-A, infra-red gas analyzer. (Thornthwaite 1948) . Assuming an average, well-drained soil contains 10 cm of water in the rooting zone at field capacity, a running balance was calculated from outgo through evapotranspiration, and from income through precipitation. An increase of moisture greater than 10 cm was assumed to be lost from the rooting zone to the water table so the maximum of moisture was always 10 cm. Water was assumed to be limiting to evapotranspiration when the stored moisture in the soil was depleted.
Obviously a particular moisture index had dif- (Fig. 3) 
COB evolution
In general, CO2 evolution rates parallel soil temperatures (Fig. 3) . This is particularly evident during the cooling period from September 1965 to January 1966. Evolution rates of CO2 were measured at or very near zero on 11 January and were assumed to be negligible until March. From 19 March to 5 May evolution rates increased slowly, and there was no regular difference in output between the three forest types. Beginning about 14 May CO2 evolution rates began to rise rapidly, correlating with higher soil temperatures. Between 27 June and 20 September evolution rates peaked and gradually descended in a pattern of high amplitude oscillations which corresponded with rainfall and fluctuations in soil temperatures. Throughout this period the oak forest or the cedar swamp produced the highest evolution rates while the marginal fen was generally lowest. Statistical significance of differences between CO2 evolution rates of the three forest types was tested by the same methods as described for soil temperatures ( Table 2 ). The spring warming period is the period of greatest frequency of significant differences; the most frequent of these differences are those of oak over swamp and oak over fen. The fall cooling period has the second highest frequency of significant differences, and of these, two-thirds are accounted for by cases in which the swamp shows significantly higher outputs than the other two types. Only two significant contrasts were found in the summer, both involving predominance of oak output over that of the fen or swamp. Twenty-one per cent of possible comparisons of CO2 evolution rates over the year showed statistically significant differences compared with 55% for soil temperatures.
The relationships between seasonal effects and CO2 evolution can best be seen in a graph of cumulative CO2 evolution (Fig. 4) . The three forests show equal decreases in output until early December when the cedar swamp decreases more rapidly than oak or fen forests. Oak forest and cedar swamp outputs were uniformly low over the winter period while fen output continued at moderate rates. By 19 March cumulative CO2 output for the fen was approximately 200 gm/in2 greater than the oak and cedar forests. It should be emphasized that this disparity in cumulative CO2 evolution over the winter was based on the unusually high rates measured for the fen on 19 March (see Fig. 3 ). It is possible that these high rates were not representative of winter behavior and cumulative fen output did not exceed oak and swamp to the extent shown in Fig. 4 . On the other hand, the soil at 15 cm was slow to freeze in the autumn in the fen and was well thawed at depth by 19 March, indicating that perhaps the heat content of ground water just below the surface maintained soil temperatures above freezing, which in turn maintained moderate rates of microbial metabolism.
In the spring period, cumulative output in the oak forest and cedar swamp increased rapidly until they matched, and then exceeded, fen output in early and midsummer. During summer months rates of increase in cumulative CO2 were about equal in oak and swamp forest and greater than that of the fen. At the conclusion of the 12-month period cumulative CO2 output was 2,912, 2,710, and 2,592 gm/in2 in the oak, swamp, and fen forests, respectively. None of the differences between these values were significant at the .90 confidence level.
Multiple regression analysis
The marked relationships between CO2 evolution rates, soil temperatures, and moisture led to an attempt to estimate the control these factor had on CO2 evolution rates and to produce a model for predicting rates on the basis of these factors. Carbon dioxide rates plotted against soil temperatures revealed a curvilinear, apparently exponential relationship (Fig. 5) . Typically, variation was greater at high temperatures presumably because moisture conditions were more variable in warmer periods than during the colder months. Semi-log plots of CO2 rates against soil temperature produced linear curves. Wiant (1967c) The moisture index was so highly correlated with temperatures that it was difficult to attain meaningful plots of CO2 rates versus moisture index. All that was discernible was that increasing moisture index values tended to correlate with increasing CO2 evolution rates. A curvilinear increase in CO2 output over a range of increasing moisture content has been shown under laboratory conditions by Wiant (1967d) .
On the basis of these preliminary examinations, the following working model was tested:
In Standard deviation, B2 ........................ plots in each forest type are shown in Table 3 . All values listed except standard error of estimate and simple correlation of temperature and moisture index are highest for the oak forest type, while the same values for the fen and swamp are lower than oak and more or less equal with each other. This suggests that the total heterotroph metabolism in the oak forest floor is more sensitive to changes in temperature and moisture and that this behavior can be more readily explained by, and predicted with, these parameters than the generally wetter, and apparently more stable fen and swamp forest floor ecosystems. The average constants (C) and coefficient B1 and B2 for the three forest types were compared for significant differences using the Tukey multiple comparison test. All three constants and all three temperature coefficients (B1) were significantly different from each other at the .90 confidence level. There was no significant difference between any of the moisture index coefficients.
It may be ecologically significant that the nearzero average moisture index coefficients for fen and swamp types resulted not so much from the low responses to moisture changes but rather from the fact that coefficients for some of the plots in these wetter sites were negative, and the averages of positive and negative values were near zero. Both the fen and swamp show hummock and hollow microtopography, and both hummocks and hollows were represented by plots. A subjective evaluation of each plot in terms of hummock or hollow condition coincided with the appropriate sign of B2 in eight of 12 cases.
The predicted CO2 evolution rates according to the model were computed and graphically compared with observed rates. The cedar swamp plot used for the comparison shown in Fig. 6 was chosen as an example because multiple correlation coefficients for cedar swamp plots were intermediate between oak and fen plots, and because this plot was representative of cedar swamp plots with regard to the statistics listed in Table 3 . The multiple correlation coefficient for the equation generated from data from this plot was 0.88. The oscillations of predicted and observed curves match well; the fit is somewhat better in midsummer than in spring or fall. were increased only slightly over those for the original model. Furthermore, values for soil temperature and moisture index were still necessary to account for the sharp oscillations observed during the summer.
Time and air-flow-rate experiments
The results of four experiments testing the effects of time and air-flow rates are shown in Table 4 . Excluding one exceptionally high value of 1.88 gm/M2 per hour, the average of values for the first experiment on plot A-2, the representative of oak forest floor, was 0.58 with a range from 0.50 to 0.74. There was no change in rate over the 6.1-hr period. The only relationship between air-flow rate and evolution rate was found at the two lowest flow rates, 14.0 and 14.3 liter/min, which produced the two highest evolution rates, one of which was not comparable with the others.
The 
DISCUSSION
Cumulative CO2 evolution The first objective of this study was to test for significant differences in annual cumulative CO2 evolution from diverse forest floors. There were several reasons for suspecting that cumulative carbon release might be unequal in the forests of this study.
First, these are not all steady state forests so that litter production and forest floor mass may not have reached equilibrium in all cases. It would therefore be expected that carbon release from forest floors would be less than carbon input. Furthermore, the three forests are in different stages of succession and will probably reach equilibrium after different lengths of time.
Second, it was not known at the inception of this study if cumulative annual litter fall was actually equal in the three forests. Even if they had reached steady states, it is doubtful that the three forests would have equal net primary pro-479 duction and would therefore have equal total carbon release.
Third, it was questionable whether steady state conditions would ever be reached in forest floors built on peat. Possibly the basin filling is still in process and carbon is still being deposited as peat. Thus, although the cedar swamp may otherwise approximate a steady state, peat accumulation would represent continuing succession. On this basis, it was expected that cumulative CO2 evolution from the cedar swamp might be less than in the fen or oak forests.
As already stated, there was no significant difference between the three forests in cumulative CO2 evolution. This lack of difference may be more apparent than real. There were only six replicates in each ecosystem, and variation in CO2 evolution rates on a given day was sometimes high. A small but consistent difference which might be statistically insignificant could lead to considerable disparity in a number of years.
Because of the close relationship between CO2 evolution and weather, predominating weather characteristics of a single growing season might cause cumulative CO2 output to vary considerably from average total. For example, Witkamp and Van der Drift (1961) measured net increases in mor forest floors over unusually dry years when decomposition was retarded by litter desiccation. Larger amplitude fluctuations are conceivable over extended droughty or warm-wet periods. Thus, it might be expected that cumulative decomposition in the cedar swamp and fen would be greater in dry years while the reverse would be trtie of the oak forest.
Climatic cycles may have a bearing on steady state characteristics of swamp and fen ecosystems. During dry years or droughty portions of longer cycles, decomposition might proceed at rates greater than average because of the decrease in ground-water levels and associated anaerobic conditions of the substrate. During these periods the forest floor might actually subside for biological as well as physical reasons. With the resumption of normal precipitation, the subsided portions of these forest floors would be flooded and decomposition inhibited by anaerobic conditions. During these wet periods a net increase in organic matter storage would result. With this type of interpretation, ecosystems such as swamps might be considered "climax" for these sites. If the levels in forest floor surfaces are controlled by basin water tables, greater accumulations of well-drained substrate and colonization by more mesic, upland species may be prevented by cyclic subsidence and reflooding.
Precipitation at Cedar Creek over the 12-month period of this study was 73.6 cm. Seasonal difference between ecosystems The second objective of this study was to determine whether significant differences in CO2 evolution rates among the three forests occurred during different seasons and to determine the factors responsible for such differences. The autumn-winter period (1 September-i 1 January) was a period of relatively infrequent, significant differences. In two-thirds of these, cedar swamp rates were higher than rates of the other two types. Cumulative data (Fig. 4) show how examination of significant differences alone can be misleading. By December, cumulative output was least in the cedar swamp, a difference attributable to the low soil temperatures and early freezing in the swamp.
The winter period ( 11 January-19 March) was inadequately sampled because of snow cover, and the substantial gain in cumulative output shown for the marginal fen is questionable (Fig. 4) . Independent observations on ground conditions indicate, however, that CO2 evolution was low but nearly constant in the fen during the winter, while output was near zero in the oak and swamp forests.
The spring-early summer period (19 March-27 June) showed the highest frequency of significant differences. The consistent ranking of oak > fen > swamp in terms of CO2 evolution seemed to be closely associated with the same ranking in terms of soil temperature. Temperature may not have been entirely responsible for this difference, as aerobic respiration was probably also inhibited in the wetter soils of the fen and swamp.
The summer period (27 June-31 August) was characterized by high amplitude oscillations but surprisingly infrequent significant differences in rates. During this period, cumulative output from the oak forest and cedar swamp rose sharply, surpassing that of the fen. The relatively low CO2 output from the fen may be attributed to excessive soil moisture found there, perhaps high enough to have been inhibitory. The exhaustion of fresh litter may have been another factor. The marginal fen received the least litter input of the three ecosystems (unpublished data), and the most readily decomposed fraction may have been consumed in late autumn, winter, and spring.
Sets of compensating factors seem to allow decomposition to proceed at different rates in different seasons so that approximately equal amounts of carbon are released within a year. Although wet soils may inhibit metabolism in the fen during the summer, the existence of ground water may raise temperatures to the extent that substantial decomposition may occur during the winter. The nutrient enrichment of the site through the flow of ground water percolating from the upland may be another factor.
Although soil temperatures of the cedar swamp are the lowest of all three forests and the period of high rates of CO2 evolution the shortest, apparently summer moisture conditions and high litter quality contribute to high rates during the summer.
Cumulative oak forest floor decomposition may be high in spite of low nutrient quality of the litter and periodic desiccation because soil temperatures rise quickly in the spring when the litter is still moist and because of bursts of high activity following rains during the summer.
Timing of litter fall does not seem to be a significant factor. Although much litter falls in September in the fen, whereas it is concentrated in October in the oak and cedar forests, there are no obvious effects of this (Figs. 3 and 4) .
Prediction of CO2 evolution
The third objective was to explore means of predicting CO2 evolution rates on the basis of easily measured environmental factors. The simple model developed in this study using good measures of soil temperature and weak estimates of moisture conditions accounted for 75-90%o of variation in the data. Presumably a better measure of moisture conditions would improve the model. Certainly interpretation of cause and effect would be improved if absolute moisture data were available.
One weakness of the model is the fact that values tend to occur at the low end of the natural log scale. As a consequence, standard errors are higher than expected on the basis of multiple correlation coefficients (Table 3) . Another model which would not incorporate this logarithmic characteristic would not have shown such large standard errors.
The high correlation between temperature and moisture in field observations prevented full analysis of the relationships of CO2 evolution with moisture. Although the exponential factor for moisture used in this model satisfactorily accounted for moisture effects of an empirical basis, it is quite likely that moisture effects are not exponential over a broad range of temperature. In an excellent study on arctic soils, Douglas and Tedrow (1959) experimentally showed moisture effects to vary at different temperatures, but one of the most common responses was a parabolic increase, and then decrease in decomposition rates over an increasing range of moisture content, especially at higher temperatures. Similar relations may actually exist in the fen and swamp of this study, which might help account for the low coefficients for the moisture index.
Witkamp ( On the basis of results of this study and those reviewed, reasonable predictions of CO2 evolution apparently can be made with data on soil temperature and soil moisture. Constants and coefficients are, however, characteristics of individual ecosystems and measurement methods.
Reliability of absolute zval(es An important objective of this study was the development of a method which might provide reliable values on decomposition rates so that the method might be used as an independent measure of decomposition. Such a method would be extremely useful in testing and developing models for forest floor dynamics described by Olson (1963) .
The CO2 evolution rates measured in this study, cannot be meaningfully compared with many of the values found in the literature because many of these involved disturbed soils ( Cumulative CO2 evolution measured in this study is even higher than \Witkamp's estimate. Totals ranged from 2,592 to 2,912 gm/M2 per year and were over three times as high as would be predicted on the basis of equivalent carbon input. Therefore, this method fails to provide reliable absolute data on CO2 release from forest floors.
The reasons for this overestimate may tentatively be attributed to two sources: thermal conductivity through the plot sleeves, and contribution of CO2 from root respiration. The effects of thermal conductivity through the metal sleeves is undoubtedly greatest in the spring and autumn when soil temperatures lag behind air temperatures. This effect was particularly noticeable in spring when the soil thawed more quickly around the sides of the sleeves than elsewhere. On the other hand, the sleeves probably cooled the soil in autumn, thereby compensating for the increase in evolution in the spring. This compensation and the low CO2 evolution rates in the spring and autumn tend to minimize the thermal effects of the sleeves on an annual cumulative basis.
Tree root respiration, on the other hand, could conceivably contribute large amounts of C02, and such contributions would be greatest at the time when CO2 evolution rates would be highest. Want (1967a, b) estimated the contribution of white pine and eastern hemlock roots to be as high as 50% of total CO2 output in July on the basis of field experiments. Evidence supplied by other investigators reviewed by \Viant support a figure of this magnitude.
The 20-cm deep sleeves used in this study were designed to sever surficial tree, shrub, and herb roots, but the loss of this activity may have been mitigated by the green manuring effect of killing these roots. Tree roots deeper than 20 cm may still have contributed CO2 to the soil atmosphere. It is not likely that C02-rich air was drawn in from soil adjacent to the plots because of the slightly positive air pressure supplied.
Tine and flow-rate experiments Short sampling times and unnatural flow rates used in this study may also be responsible for unrealistic values. Results of the flow-rate experiments, however, provide no reason to believe that measured evolution rates could not be sustained for periods at least as long as 6 hr. Any acceleration of CO2 evolution caused by the open flow system is not obvious on the basis of unsustained output.
The effect of flow rates is less clear cut. There was no observed relationship between flow rate between approximately 15 and 37 liters/min (the maximum attainable). This represented a range of 3.6 to 16.3 cm/sec air velocity across the plots. Below this flow rate, however, CO2 evolution rates seemed to be erratic. This was also approximately the flow rate at which air velocities over plots approached zero. Using quite a dissimilar, artificial system, Parr and Reuszer (1962) studied the effects of oxygen level and flow rate on organic matter decomposition. They found that at 0.5, 1.0, 2.5, and 5% oxygen levels, CO2 output increased slightly from Y8 to '2 liter/hr but did not increase further up to the maximum flow rate of 2 liter/hr. At 21% oxygen, however, CO2 output increased continuously over their range of flow rates.
Golley, Odum, and Wilson (1962) measured CO2 evolution in a mangrove swamp by placing an aluminum sheet on the peat and drawing air under the sheet into an intake tube and a gas analyzer. The maximum flow rate attained by these investigators was 15 liters/min. They found that CO2 evolution was a function of flow rate and that output ranged from 0.02 gm C02/m2 per hour at 0.1 cm/sec to 0.73 gm at 3 cm/sec. Since average wind velocity at ground level was 0.76 cm/sec, they estimated an average output of only 0.04 gm/M2 per hour.
It is difficult to compare aeration rates in these studies on the basis of flow rate alone since the flow rate/volume relationships are not comparable. Nevertheless, flow rate is obviously an important factor and information reviewed above suggests that perhaps flow rates utilized in the present study were too high. On the other hand, measurements at flow rates comparable with those of Golley et al. were erratic and generally much higher rather than lower. Furthermore, air velocities measured at 1 cm above the litter at the Minnesota study site for 3 summer days produced values ranging from 0 to 25 cm/sec and averaged 12 cm/sec. Hourly averages for wind velocities above the tree canopy on these days ranged from 1 to 13 mph. In view of these data, the velocities of 5.6 to 9.6 cm/sec produced under the plot cover during measurement of CO2 evolution seem reasonable.
Oscillations in COS evolution
The oscillations in CO2 evolution seen in the summer period in the oak and cedar swamp forests showed surprisingly high amplitude (Fig. 3) . These oscillations seem to be results of precipitation, but the exact relationships are not obvious. Upon rewetting, the diminished microbial populations show an intense burst of metabolic activity while still in the lag phase of population growth. As populations go into the log phase, metabolic activity declines proportionally and eventually total metabolism declines as moisture becomes limiting and/ or microbial populations reach some upper limit (Stevenson 1956 ). The initial burst of activity following rewetting is not so much due to a rapid expansion of microbial populations as to the very active state of surviving microbes, a state which Birch (1958) described as "physiological youth."
This phenomenon of high-amplitude bursts of activity has two important ecological implications. First, sites with drying-wetting cycles may feature greater cumulative carbon mineralization than sites of prolonged drying or wetting (Birch 1958) . Such a result may be an important compensatory factor for an otherwise desiccation-prone forest floor such as the oak forest of this study. Second, if forest floors are considered as heterotrophic ecosystems, wetting-drying cycles may be regarded as environmental perturbations of the ecosystems. According to Margalef (1963) , unstable environments interfere with progressive succession and maintain ecosystems in "immature" states. These immature states are characterized by species with higher reproductive rates and lower special requirements. Such ecosystems are less diverse and less complex and energy flow per unit biomass is higher than in more mature states. Thus, forest floors prone to drying-wetting cycles may be characterized as immature heterotrophic ecosystems, continually proceeding through cycles of progressive succession and deterioration but also showing high cumulative energy flow.
CO2 evolution as an ecosystem Parameter
The structure and function of ecosystems can be described by many parameters such as chlorophyll content, primary production, species diversity, and efficiency. Rates of heterotrophic metabolism are also useful parameters of ecosystem function. Carbon dioxide evolution from forest floors may be particularly valuable in this regard because of the centralization of heterotroph metabolism in the floors of forest ecosystems. Even in cases in which absolute data are questionable, assuming that errors are of the same proportion throughout the year, the change in rate of CO2 evolution may be a diagnostic parameter of forest ecosystem types.
As an example, data from forest floors of a Tennessee white oak (Quercus alba) stand which were generously supplied by Dr. Martin Witkamp are graphed together with oak forest data from the present study (Fig. 7) . As might be expected, the Minnesota data are strongly peaked in midsummer, whereas the Tennessee data are only slightly humped over the summer and are definitely continuous throughout the year. One might expect that other forests would show even more pronounced peaks or possibly double peaks coinciding with certain climatic characteristics. Regardless of the reliability of absolute values, knowledge of temporal characteristics would be informative in terms of energy flow schemes, mineral cycling budgets, or radionuclide release. 
